It is necessary to store hemopoietic stem cells (HSC) prior to autologous stem cell transplantation (SCT) where these are collected from the transplant recipient prior to conditioning therapy. Most allografts are given straight after collection except:

When cord blood from either sibling or unrelated donors for SCT is collected and banked prior to the procedure and stored frozen until requiredWhen it is impractical to harvest allogeneic stem cells on the day of transplant, e.g., donors geographically distant, very anxious or with commitments that make them unavailable on the day

In these cases, collections may be performed in advance and the cells stored prior to transplantation. A number of variables may have impact on the quality of HSC products for transplantation.\[[@ref1]\] These include:

Contamination with mature blood cells; manipulations performed prior to storage, such as red cell depletion or separation of the buffy coat or mononuclear cell fractionsThe cell concentration, temperature and length of storage for products stored in liquid state prior to infusion or cryopreservationCryopreservation variables -- type of cryoprotectant used, rate of cooling and final storage temperature.

The speed of engraftment of stored HSC products varies according to the amount of pretreatment received by patients who donate cells for autologous reinfusion.\[[@ref2]\] The source of stem cells is also important since it is known, for example, that cord blood stem cells engraft more slowly than those derived from the bone marrow or peripheral blood.\[[@ref1]\] The number and quality of the stem cells collected and stored prior to administration are critical.

It was shown in mice that marrow cells cryopreserved using glycerol were able to reconstitute marrow function after irradiation.\[[@ref3]\] There is extensive data in clinical transplantation confirming that, stored under appropriate conditions HSC can reconstitute hemopoiesis.

Liquid Storage {#sec1-1}
==============

Most stem cell products are infused or processed shortly after collection but some, e.g., from registry donors, may have extended periods of transit -- up to 24-48 h.\[[@ref4][@ref5]\] Autologous HSC products may sometimes have to be transported over long distances to processing centers.

It may be advantageous to maintain cells in the liquid state if storage is for \<96 h, since cryopreservation and thawing cause loss of myeloid colony forming unit granulocyte macrophage (CPU-GM) progenitors.\[[@ref1]\] HSC stored at 4°C show a progressive loss of nucleated cells, cell viability and CPU. Preti *et al*. showed that erythroid burst forming units (BPU-E) in liquid storage fell below numbers in frozen samples only after 5 days of storage; the difference for CPU-GM was not significant even after 9 days of storage.\[[@ref6]\] In other reports, losses of CPU-GM varied from 61% after 72 h to only 39'6 after 96 h for bone marrow.\[[@ref7][@ref8]\] It is not known which temperature is optimal for liquid storage, although most reports describe storage at 4°C. Data from our laboratory indicates that storage at 2-6°C is not detrimental to stem cell recovery.\[[@ref9]\] Products stored overnight at room temperature have lower pH when compared to products stored at 4°C, which could be damaging to HSC.\[[@ref1]\] Probably the interaction of cell concentration, temperature and time of storage influences the quality of HSC.

Cryopreservation of HSC {#sec1-2}
=======================

The quality of cryopreserved HSC is dependant on:

The cell concentrationTemperatureInterval between collection and cryopreservationPresence of mature blood cellsManipulations prior to storage and cryopreservation

These factors likely interact. For example, it has been found that if cells are stored overnight at room temperature with cell concentration in excess of 200 × 10^9^/L, there is a significant reduction of the viability of cells and of the recovery of CD34+ -cells and CPU-GM\[[@ref10]\] (unpublished observations). Cells stored at 400-500 × 10^9^/L but cryopreserved within 4 h show satisfactory recovery.\[[@ref9]\] At the present time, the recommendation in use by the English National Blood Service is that cells not for immediate processing or infusion should be diluted to cell concentration \<200 × 10^9^/L. Cells in transit for \>1 h should be stored at 4°C (16°C). HSC comprise a small portion (usually \< 1%) of bone marrow, peripheral blood or tort {blood products}. Bone marrow, in particular, contains a range of mature blood cells and other noncellular material. These are not optimally preserved using techniques that result in good stem cell recovery. The presence of mature blood cells has three effects:

Granulocytes and platelets may clump and interfere with stem cell processing.Red cells may lyse upon thawing and infusion, leading to renal failure.Large cell numbers may require freezing in large volumes, leading to volume overload and cryoprotectant-related toxicity upon infusion.\[[@ref1]\]

Stem cell cryopreservation may be optimized by processing to either a buffy coat or a mononuclear cell (MNC) preparation or CD34 selected cells.

Rate of Freezing {#sec1-3}
================

The main principle underlying successful cell cryopreservation is the prevention of ice crystal formation during cooling.\[[@ref10]\] This is a primary cause of cell damage. If cells are cooled too quickly, intracellular ice crystals form, resulting in mechanical disruption of cells and their destruction. At slow rates of cooling, ice crystals form in the extracellular space, causing increased osmolality as free water is taken up. This causes cellular dehydration.\[[@ref11]\] Glycerol and DMSO prevent dehydration by inhibiting the increased concentration of sodium that can occur during ice formation and by decreasing the amount of water absorbed into ice crystals at any given temperature. They are referred to as colligative cryoprotectants.\[[@ref1]\] Controlled-rate freezing protocols aim to achieve a rate of cooling that minimizes intracellular ice crystal formation and protects against cellular dehydration. The optimal rate of cooling is influenced by the type of cryoprotectant and the cells being frozen. When the transition from liquid to solid state occurs, the latent heat of fusion is released and this causes a plateau to appear in the freezing curve. This should be kept as short as possible to minimize cell injury.\[[@ref12]\]

Colligative cryoprotectants are most frequently used, and their optimal rates of cooling fall within a narrow range. Ma *et al*., using *in vitro* cultures, showed an optimal cooling rate of 1°C/ min for human HSC suspended in 10% DMSO.\[[@ref13]\] Murine colony -forming unit spleen (CFU-S) were frozen in 12% glycerol, and no difference was found for pre-plateau cooling rates ranging from 0.8-4°C/min.\[[@ref14]\] Rapid cooling rates have been associated with delayed engraftment for autologous marrow recipients.\[[@ref15]\] Rowley *et al*. have reported that the rate of cooling can be increased to 10°C/min when HSC products have reached --40°C and that bags can be transferred to refrigerators when the temperature has reached --80°C.\[[@ref1]\] A sensible recommendation is that for HSC frozen in 10% DMSO and a minimum of 10% plasma, the optimal freezing rate should be 1--2°C/min from 0°C to --40 or --80°C.\[[@ref12]\]

Cryoprotectants {#sec1-4}
===============

Dimethylsulfoxide (DMSO) {#sec2-1}
------------------------

DMSO is a colligative agent that diffuses rapidly through the cell membrane. It has a half-life of 20 h and is metabolized to DMSO 2, which is excreted through the kidneys, whilst a small proportion of DMSO is reduced to dimethylsulfide (DMS) and excreted through the lungs,\[[@ref1]\] accounting for the characteristic smell. A number of studies have determined that the best concentration for DMSO or glycerol for cryopreservation of HSC is 10%, although concentrations of 5% have been used successfully.\[[@ref16]\] When DMSO was used in conjunction with hydroxyethyl starch (HES), CD34+ cell recovery increased from a mean of 12.2% to 85.4% as DMSO increased from 2.5% to 5%. Varying the concentration of HES in the presence of 5% DMSO did not affect CD34+ cell recovery.\[[@ref17]\]

Hydroxyethyl starch (HES) {#sec2-2}
-------------------------

HES is a polymer containing chains of different molecular weights. It does not freely penetrate the cell and may work by forming a viscous shell over the cell surface, inhibiting the movement of water and preventing progressive cellular dehydration. HES is generally combined with cryoprotectants such as DMSO. Autologous bone marrow IISC frozen in a combination of 5% DMSO, 6% HES and 4% human serum albumin showed good CFU recovery and satisfactory engraftment of both bone marrow and peripheral blood-derived HSC.\[[@ref18]\] In a study of 294 patients who received stem cells cryopreserved with DMSO + HES or DMSO alone, the time to an absolute neutrophil count (ANC) \> 0.5 × 10^9^/L and discontinuation of antibiotics was one day shorter for the combination.\[[@ref19]\]

Protein {#sec2-3}
-------

Plasma proteins have cryoprotectant effects, and their addition to cryoprotectant solutions improves HSC survival. Lymphocytes can be preserved in serum alone.\[[@ref20]\] One report found that marrow HSC were better preserved in the presence of serum.\[[@ref21]\] Progenitor cell survival rose from a mean of 41.1% to 64.8% with 15% serum and to a mean of 75.4% with 50% serum. Likewise, murine CFU\--S recovery increased from 18.2% to 100.5% when 10% serum was added to 10% DMSO.\[[@ref22]\] Most cryopreservation solutions incorporate either autologous plasma or human albumin solutions. Albumin avoids the marrow fat, cellular debris and anticoagulant contained in plasma derived from marrow collections.\[[@ref1]\] Autologous plasma collected at the same time as stem cells on cell separators is a cleaner product than plasma derived from marrow collections.

Sugars {#sec2-4}
------

Many sugars function as cryoprotectants. In one report, 50% CFU-S survival was found when murine bone marrow cells were cryopreserved in 0.35M sucrose alone.\[[@ref23]\] Other sugars such as glucose, manitol and sorbitol at concentrations \>0.1M also have cryoprotectant properties\[[@ref15]\] and may serve to stabilize the cell membrane during freezing or dehydration.

Conditions for Cryostorage {#sec1-5}
==========================

Following cryopreservation, cells may be stored in either the liquid or vapor phase of nitrogen at ≥130°C or at --80°C in mechanical freezers. Storage at lower temperatures prevents the progressive growth of ice crystals, which does not occur in pure water at temperatures below --130°C.\[[@ref1]\] Halle *et al*. stored PBSC collections at --80°C in HAS 1%, HES 2.5% and DMSO 3.5% and recorded median recoveries of nucleated cells, CD34+ cells, CFU\--GM and BFU-E of 60.8, 79.6, 35.6 and 32.6% respectively. After 7 weeks of storage (median), the median time to ANC \> 0.5 × 10^9^/L and platelets \> 20 × 10^9^/L was 11 days. This is a simple and inexpensive cryopreservation strategy.\[[@ref24]\] Galmes *et al*. studied long-term storage at --80°C using 5% DMSO as the only cryoprotectant and found MNC viability declined to 32% after 31 months. Recovery of CFU-GM and BFU-E decreased to 50 and 43.5% respectively after 12 months and to 0 (for both) after 24 months. No differences in cell viability or recovery of clonogenic cells were observed between 5 and 10% DMSO. Hemopoietic reconstitution was rapid when cells stored for between 123 and 202 days were reinfused, and the authors conclude that --80°C with 5% DMSO is satisfactory for up to 6 months of storage.\[[@ref16]\] Most laboratories store HSC below 130°C in liquid or vapor phase nitrogen.

The report of probable cross-contamination with hepatitis B virus in units of autologous HSC cryopreserved in liquid phase of nitrogen\[[@ref25]\] prompted authorities in the UK to recommend storage in vapor phase. The same report also recommended that HSC components should be double-bagged and that donations positive for infectious disease markers should be stored separately.\[[@ref26]\] Donations where the results of microbiological testing are not available should be stored in quarantine until the results are known.\[[@ref27]\]

Authorities responsible for the accreditation and regulation of HSC transplantation recommend that cryopreservation facilities should be secure, with access granted only to trained and responsible individuals. They further recommend that the temperature of all cryopreserved components be monitored continuously, that a record is made of the temperature every 4 h and that an alarm should alert a trained member of staff if a storage device fails.\[[@ref27]\] Laboratory staff should never work in liquid nitrogen cryopreservation facilities on their own; another member of staff should always be available. Moreover, the oxygen concentration should be monitored, and an alarm should sound if this falls below 18%.\[[@ref28]\]

Length of Storage {#sec1-6}
=================

PBSC stored for a mean of 33 days compared with bone marrow HSC stored for \>10 years showed no loss of CFU and CD34-- cells.\[[@ref29]\] When cord bloods were cryopreserved for either 2-8 weeks or for 15 years, the MNC recovery, clonogenic potential and proliferative and cytotoxic responses against HLA antigens were maintained.\[[@ref10]\] We have evaluated 13 HSC components (2 BM and 11 PB) stored for a period \>1 year (range 12-65) and found that engraftment of neutrophils occurred at a mean of 16 days (range 11-49 days); furthermore, no differences were seen when compared to a matched cohort of HSC products cryopreserved for a period of \< 1 year.\[[@ref30]\]

Post-thaw Manipulations {#sec1-7}
=======================

The infusion of DMSO or clumped cells may cause adverse effects. In order to avoid loss of stem cells, most units infuse cryopreserved units within a few minutes of thawing. Some centers recommend that a microaggregate filter be used to avoid the infusion of debris\[[@ref1]\] when thawed HSC components are administered, but viable HSC may be trapped in aggregated material and the overall stem cell content could be compromised. Systematic study of this issue has not been done. Currently, it is our recommendation that products should not be filtered. Cells may be washed after thawing to remove DMSO and cellular debris. Beaujean and colleagues reported a mean of 73.9 and 93.9% CFU-GM recovery after thaw-wash procedures with marrow and PBSC respectively.\[[@ref31]\]

Cryoprotectant Toxicity {#sec1-8}
=======================

DMSO has a number of toxic effects; but fortunately, severe reactions are unusual. Rowley described the following types of reactions:

AnaphylaxisHypotension resulting from histamine-induced vasodilatationSkin flushing, dyspnea, abdominal cramps, nausea and diarrhea -- also attributed to histamine releaseCardiovascular effects: increased blood pressure, decreased heart rate, cardiac arrest, heart blockHeadache, reversible encephalopathy

The other main side effects result from hemolysis of cryopreserved red cells, causing fever; chills; hemoglobinuria; and in severe cases, renal impairment.

Forced alkaline diuresis is generally unnecessary to prevent renal complications. Most centers routinely premeditate paracetamol, either alone or combined with antihistamines and corticosteroids.

Assessment of the quality of stored HSC {#sec2-5}
---------------------------------------

Product quality may be assessed as follows:

Cell counts: The total nucleated cell count (TNC) and MNC should be measured on a standard hematology analyzer and recorded for all products. SCT using doses of TNC greater than the median has been reported to improve the outcome of transplant.\[[@ref32]\]CD34 measurement: The CD34 dose of marrow or peripheral blood transplants may correlate with the clinical outcome. Some reports suggest that higher doses are associated with an increase in graft-versus-host disease, independent of the dosage of T cell co-administered,\[[@ref33]\] whilst a large series, doses of CD34+ cells greater than the median decreased treatment-related mortality and the relapse rate.\[[@ref34]\] The quality of the laboratory procedures used, e.g., CD34+ cell selection and cryopreservation, can he assessed by CD34, assays. CD34+, cells are measured by flow cytometry using \`single-platform′ assays.\[[@ref35]\]CFU-GM colonies: These are measured by culture in semisolid media with relevant cytokines and scored at 10-14 days. In autologous SCT, correlation has been reported between CD34+ cells and CFU-GM in HSC collections. This is not the case in allogeneic SCT. We perform CFU-GM assay now on 5-10% of all procedures that involve significant cell manipulation, as a quality control procedure.Engraftment: Restoration of hemopoiesis in lethally irradiated mice using cryopreserved HSC indicates that the process allows for recovery of functional cells.\[[@ref3]\] A large number of studies have reported the clinical outcome of SCT with either autologous or allogeneic HSC. The majority of these patients engraft satisfactorily, which indicates that the cell storage gave acceptable numbers of HSC.\[[@ref1]\] Twenty-two patients -- with small cell lung cancer (18) and AML (4) -- received autologous marrow held at 4°C for 34--54 h prior to infusion and engrafted \>1.0 neutrophils on day 17 (mean) for lung cancer and 26-40 days for AML\[[@ref7]\] patients. Allogeneic HSC may be cryopreserved prior to transplantation sometimes as a result of concerns over donor availability. Available reports indicate comparable engraft meat between cryopreserved and fresh stem cells.\[[@ref4][@ref36]\] Cord blood HSC engraft more slowly when compared to either marrow or peripheral blood HSC. \[[@ref7]--[@ref39]\] This is likely an effect of the cord blood stem cell dose rather than the cryopreservation process itself.

Regulatory Requirements in Hemopoietic Stem Cell Therapy {#sec1-9}
========================================================

One of the first documents that set standards for stem cell processing was issued by the Department of Health in the United Kingdom in 1997. This followed an incident where cross-contamination with hepatitis B virus occurred amongst cryopreserved units of stem cells.\[[@ref25]\] Documents relevant to SCT include:

Joint Accreditation Committee of ISCT (Europe) and EBMT (JACIE) Standards and Accreditation manual -- 2^nd^ edition, 2005\[[@ref27]\]

EU Directive on Tissues and Cells 2004/23/EC\[[@ref40]\]

EU Directive on Medicinal Products 2001/83/EC\[[@ref41]\]

EU Directive on Clinical Trials 2001/20/EC\[[@ref42]\]

Council of Europe (CoE) guidance on the safety and quality of organs, tissues and cells (2^nd^ edition, 2004)\[[@ref43]\]

EC proposals for a consultation on human tissue engineering and tissue-engineered products (TEP), 2005\[[@ref44]\]

WHO: Consultation on regulatory requirements for human tissue and cell transplantation, 2005\[[@ref45]\]

In addition, in the UK the collection, storage and use of tissues and cells for transplantation is regulated by the provisions of the Human Tissue Act.\[[@ref46]\] The following sections describe briefly the challenges that SCT units face in order to comply with the current accreditation and regulatory requirements.

The EU directive for tissues and cells (EUDTC) is applicable to therapeutic HSC (hemopoietic and nonhemopoietic) from peripheral blood, bone marrow and cord blood. It also includes cellular therapies such as cytotoxic T lymphocytes and dendritic cells. The directive is organized into a number of articles, which describe and outline the requirements for staffing, facilities and testing. It states that work must take place within establishments that are either accredited or licensed or designated or authorized and that there must be a competent authority which should organize 2-yearly inspections. Other articles outline the requirements for:

Product traceability and unique identifiersImport and export of cellsThe reporting of adverse reactions and adverse eventsThe voluntary and unpaid nature of stem cell donationThe requirements for consentQuality management systems (standard operating procedures \[SOPs\], guidelines. training records, reporting mechanisms and records)A person responsible for the activities of the tissue establishmentRequirements for cell reception, quarantine, process control, validation and storageAgreements with third parties - standards, agreed activitiesBoth the EUDTC and JACIE (see below) require that systems should be in place for the reporting of errors, accidents, severe adverse reactions, biological product deviations. At the present time, there is no agreed system for doing this. In the UK we are developing some proposals for a system of adverse event reporting following SCT. These are shown in [Figure 1](#F1){ref-type="fig"}.The EUDTC is supported by two Technical Directives. These have recently been published.\[[@ref47][@ref48]\]

![Severe adverse outcomes following stem cell graft infusion](AJTS-1-71-g001){#F1}

JACIE {#sec1-10}
=====

JACIE was established in 1999 and was based on the guidelines and manual introduced by the American Foundation for Accreditation of Cell Therapy (FACT).\[[@ref49]\] It has two principal roles:

The accreditation of individual SCT centers. This is achieved through the process of inspection, review of documentation, production of reports and finally certification.Information and education. The JACIE website provides a large amount of information to SCT centers.\[[@ref27]\] It runs courses in quality management and for inspector training and provides sample documents.

JACIE provides standards, which are regularly updated. It has been agreed that in future there will be no differences between FACT and JACIE guidelines; so in future, these will be known as FACT-JACIE guidelines. A very detailed accreditation manual is produced. All procedures and documentation are now managed online. The standards stress the importance of documentation, training and competency. Like the EUDTC, they require that systems for duality management are in place. These should include SOPs, policies and procedures for validation. Performance should be monitored and this should include outcome review, audits and adverse event reporting. Prior to inspection, applicants register with JACIE and then complete a detailed checklist. A number of other documents such as the qualifications of staff in the program and a list of standard operating procedures are also required. There is usually one inspector per facility (clinical, collection, processing) and a pediatric inspector if the program conducts transplants in children. The inspectors then review the submitted documentation and conduct a visit lasting 1-2 days. All noncompliances are noted and reports are submitted to the JACIE office. These are returned to the applicant center, which is asked to address the deficiencies that have been highlighted. Following this, a level of compliance is assigned as follows:

No deficiencies. Full accreditationFew minor deficienciesSignificant deficiencies but not requiring a reinspectionSignificant deficiencies, usually systematic in nature, requiring focused reinspectionSignificant deficiencies requiring a reinspection of the entire programNon-accreditation

The aim of the process is that when the SCT center has made the agreed changes and submitted evidence to confirm that these changes have been made, it will progress to full accreditation. Reinspections are carried out every 3 years. The following significant deficiencies have been recorded in SCT programs (for details, see the JACIE website\[[@ref27]\]):

Program not functioning as a single program (e.g., SOPs not uniform across different clinical sites)Inpatient isolation facilities inadequate (shared rooms for autografts)Engraftment data not monitored by the processing facilityNo continuous temperature monitoring of freezersTemperature not monitored during transport of HSC from laboratory to clinical unitInadequate quality management program
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